The diastereoselective synthesis of fluorinated δ-lactams has been achieved through an efficient five step process. The route can tolerate a range of functionalities, and provides a quick route for the generation of new fluorinated medicinal building blocks.
Introduction
Fluorination has been used to increase the potency and 'druglike' nature of active compounds for many years, making organofluorine compounds a cornerstone in medicinal chemistry. 1 Fluorination has also been extensively used to alter the basicity of N-heterocycles, and as a tool through which hydrogen bonding can be probed and assessed. 2 As such, new ways to selectively incorporate fluorine atoms into different substructures is an ever expanding area of research.
1,2
δ-Lactams on the other hand are also present widely in medicinal chemistry and natural systems. For instance, aripiprazole 1 is used currently for the treatment of schizophrenia and bipolar disorders (Fig. 1 ). 3 Thus, it is not surprising that considerable time and efforts have been directed towards the synthesis of fluorinated δ-lactams. [4] [5] [6] However to date, there are a relatively small number of examples and few general routes available to enable synthesis of compound libraries to drive structure-activity relationship understanding in medicinal chemistry programmes. Herein, we would like to report a short and efficient route to the synthesis of fluorinated δ-lactams starting from commercial aldehydes. The methodology is amenable for the generation of a wide range of δ-lactams, and has the potential to allow entry into several different classes of N-heterocyclic compounds.
Results and discussion
Our initial studies towards the synthesis of fluorinated δ-lactams began with benzaldehyde, which upon amino allylation under Kobayashi conditions afforded amine 3.
7 Amide coupling of amine 3 with 2-fluoroacrylic acid 4 then afforded the desired diene 5 in 85% yield over the 2 steps (Scheme 1).
Amide 5 was then treated with a range of metathesis catalysts in an attempt to induce ring closure (Scheme 2), however only a complex mixture of cross metathesis products resulted, with no desired cyclised product 6 being detected.
The lack of cyclisation could be attributed to the interaction of the ruthenium catalyst with the amide group which prevents the ring closing metathesis from taking place, in a situation similar to that reported by Vilar and co-workers. 8 To test this hypothesis, the route was altered to incorporate a protecting group on the amide to prevent the amide from interacting with the Ru catalyst. The protecting group of choice was the p-methoxybenzyl group due to its electron donating properties, and the ease of removal via oxidative cleavage. 9 Thus, reaction of p-methoxybenzylamine with benzaldehyde yielded the corresponding imine which upon allyl Grignard addition produced the secondary amine 7a in near quantitative yield. HBTU promoted coupling between the amine 7a and 2-fluoroacrylic acid 4 and then proceeded to generate the desired amide 8a in good yield.
Gratifyingly, PMB protection of the amide unit allowed the ring closing metathesis reaction to proceed smoothly to yield the unsaturated lactam 9a in quantitative yield (Table 1) .
With the benzaldehyde example working efficiently, the scope of the methodology was explored (Table 1) . Electron donating and electron withdrawing substituents on the aromatic ring were both tested with good results in all cases through the four step sequence. The electron withdrawing analogue being slightly less efficient in the first three steps, however, the RCM reaction produced the desired unsaturated lactam 9c in quantitative yield.
Aliphatic substrates are also well tolerated, and afforded the corresponding fluorinated lactams 9f, 9g cleanly and in good yield over the 4 step sequence.
Finally, furan, pyrrole and pyridine frameworks were also explored due to their widespread use in medicinal and biological chemistry. Furfural and N-tosylpyrrole carboxaldehyde proceeded to generate the structurally interesting fluorinated δ-lactams 9h, 9i in good yield. In the case of the pyridine unit, the amino allylation and amide coupling proceeded in reasonable yields, affording intermediates 7j and 8j respectively. Unfortunately, the ring closing metathesis failed to generate the desired fluorinated δ-lactam 9j under any of the conditions attempted. This was rationalised in the same manner as the previous example (Scheme 2), where an unprotected nitrogen atom was thought to bind to the Ru catalyst.
With the fluorinated ring system in place, the removal of the p-methoxybenzyl protecting group and reduction of the olefin unit were explored. Removal of the PMB group was achieved with cerium ammonium nitrate to yield the desired fluoro-pyridones 10a-g in variable yields (Table 2) . Unfortunately, treatment of the furyl and pyrrole substituted pyridones 9h-i with CAN failed to yield the desired unprotected pyridones, resulting instead in substrate decomposition.
Hydrogenation of the fluoro-olefin unit, on the other hand, proceeded in near quantitative yield in most cases, and with complete diastereoselectivity to yield the desired fluorinated δ-lactams 11a-g. The only exception was the brominated analogue 10e, which unsurprisingly yielded the unbrominated lactam 11a upon hydrogenation in excellent yield.
The syn selectivity of hydrogenation, and hence the stereochemistry of the newly formed C3 stereocentre, is dictated by the C6 substituent. The relative stereochemistry was corroborated by X-ray crystallography (Fig. 2) . 10 The bromo-lactam intermediate 10e, on the other hand, presented us with an opportunity to further explore the scope of the fluoro-lactam intermediates as medicinal chemistry building blocks. Thus treatment of fluoro-lactam 10e under Suzuki-Miyaura conditions with phenylboronic acid generated the tricyclic unit 12 in near quantitative yield.
11
Alkene reduction under standard conditions then generated the desired fluoro-lactam unit 13 in excellent yield and with complete diastereocontrol (Scheme 3). Table 1 Synthesis of α,β-unsaturated lactams 9a-i with isolated yields for the intermediates 7a-j and 8a-j 
Conclusions
In conclusion, we have developed a fast and reliable approach to the synthesis of a number of fluorinated δ-lactams in an efficient 5 step process. Work is now underway to expand the methodology to allow access to other fluorinated ring systems including pyridines and pyrroles as well as developing an enantioselective variant of this methodology.
Experimental
All reactions were performed in oven-dried glassware under an inert argon atmosphere unless otherwise stated. Tetrahydrofuran (THF), diethyl ether, toluene and dichloromethane were purified through a solvent purification system. Petroleum ether refers to the fraction boiling between 40 and 60°C. All reagents were used as received, unless otherwise stated. Solvents were evaporated under reduced pressure at 40°C unless otherwise stated. IR spectra were recorded as thin films on NaCl plates using a Fourier Transform spectrometer. Only significant absorptions (ν max ) are reported in wavenumbers (cm −1 ). Proton magnetic resonance spectra ( 1 H NMR), fluorine magnetic resonance spectra ( 19 F NMR) and carbon magnetic resonance spectra ( 13 C NMR) were recorded at 400 MHz, 377 MHz and 100 MHz or at 500 MHz, 470 MHz and 125 MHz respectively. 13 C NMR spectra were recorded with 1H noise decoupling. Chemical shifts (δ) are reported in parts per million ( ppm) and are referenced to the residual solvent peak. The order of citation in parentheses is (1) the number of equivalent nuclei (by integration), (2) multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, quint = quintet, sext = sextet, sept = septet, m = multiplet, b = broad), (3) and the coupling constant ( J) quoted in hertz to the nearest 0.1 Hz. High resolution mass spectra were obtained by electrospray (EI) chemical ionisation (CI) mass spectrometry operating at a resolution of 15 000 full widths at half height. Flash chromatography was performed using silica gel (40-63 micron) as the stationary phase. TLC was performed on aluminium sheets pre-coated with silica (Silica Gel 60 F254) unless otherwise stated. The plates were visualised by the quenching of UV fluorescence (λ max 254 nm) and/or by staining with either anisaldehyde, potassium permanganate, iodine or cerium ammonium molybdate followed by heating.
Benzaldehyde (0.21 g, 2.0 mmol) was dissolved in methanol (4 mL) and the resulting solution was cooled to −78°C. NH 3 (ca. 4 mL) was condensed into the solution, and the resulting reaction mixture was warmed to −10°C and stirred until the excess ammonia had evaporated (3 h). Allylboronic pinacol ester (0.76 mL, 4.0 mmol) was added and the reaction was stirred for 2 h. The reaction vessel was then allowed to warm up to room temperature and stirred for a further 1 h. Aq. HCl (6 M) was added slowly to the solution until pH 1 and the mixture was extracted with diethyl ether (3 × 20 mL). The aqueous phase was collected, and aq. NaOH (2 M) was added slowly until pH 14. Pyrrole-2-carboxyaldehyde (1.00 g, 10.5 mmol) was dissolved in THF (20 mL) and the solution was cooled down to 0°C. NaH (0.62 g, 60% in oil, 15.0 mmol) was added slowly, and the resulting mixture was stirred at 0°C for 10 min. Tosyl chloride (3.0 g, 15.0 mmol) was added, and the reaction mixture was stirred for a further 15 min at 0°C before being allowed to warm up to room temperature and stirred overnight. The reaction mixture was quenched with H 2 O (20 mL), and extracted with CH 2 Cl 2 (2 × 25 mL). The combined organics were then dried (Na 2 SO 4 ) and the solvent was removed in vacuo. The resulting crude residue was purified by flash column chromatography (0-10% EtOAc in petroleum ether) to yield the tosylated pyrrole as a white solid (2.47 g, 9.9 mmol, 94% General procedure A: synthesis of PMB protected allylic amines from aldehydes Na 2 SO 4 (2 g) was dried under vacuum in a round bottom flask for 10 min. The aldehyde (1 eq.) was then added, followed by toluene (15 mL) and 4-methoxybenzylamine (1.1 eq.). The resulting reaction mixture was then heated to reflux for 3 h. The reaction was then cooled down to room temperature, and the solid residue was filtered off. The solution was concentrated under vacuum and the residue was re-dissolved in anhydrous diethyl ether (20 mL). The solution was placed under argon and was cooled down to 0°C. The solution was then treated dropwise with allylmagnesium bromide (1.5 eq.) and the resulting mixture was allowed to warm up to room temperature overnight. The reaction was quenched with water (20 mL) and extracted with diethyl ether (3 × 20 mL). The combined organic extracts were dried over sodium sulfate, and evaporated under reduced pressure. The crude residue was purified by flash column chromatography to afford the corresponding allylic amine.
4′-Methoxy-N-(1-phenyl-3-butenyl)benzylamine, 7a 15
Following general procedure A, benzaldehyde (0.95 mL, 9.4 mmol) was reacted with 4-methoxybenzylamine (1. 
4′-Methoxy-N-[1-(4″-methoxyphenyl)-3-butenyl]benzylamine, 7b 16
Following general procedure A, 4-methoxybenzaldehyde (0.84 mL, 7.3 mmol) was reacted with 4-methoxybenzylamine (1.1 mL, 8.0 mmol) and allylmagnesium bromide (11.0 mL 1.0 M in THF, 11.0 mmol). The crude residue was purified by flash column chromatography (0-5% diethyl ether in petroleum ether) to yield the expected amine 7b ( 
Following general procedure A, 4-(trifluoromethyl)benzaldehyde (0.78 mL, 5.7 mmol) was reacted with 4-methoxybenzylamine (0.83 mL, 6.3 mmol) and allylmagnesium bromide (8.6 mL 1.0 M in THF, 8.6 mmol). The crude product was purified by flash column chromatography (0-5% diethyl ether in petroleum ether) to yield the expected amine 7c ( 
4′-Methoxy-N-[1-(naphthalen-1″-yl)-3-butenyl]benzylamine, 7d
Following general procedure A, 1-naphthaldehyde (0.86 mL, 6.40 mmol) was reacted with 4-methoxybenzylamine (0.84 mL, 7.0 mmol) and allylmagnesium bromide (9.6 mL 1.0 M in THF, 9.6 mmol). The crude product was purified by flash column chromatography (0-10% diethyl ether in petroleum ether) to yield the desired amine 7d (2.03 g, 6.3 mmol, 99% yield) as a pale yellow oil. 
4′-Methoxy-N-[1-(4″-bromophenyl)-3-butenyl]benzylamine, 7e
Following general procedure A, 4-bromobenzaldehyde (1 g, 5.4 mmol) was reacted with 4-methoxybenzylamine (0.74 mL, 5.4 mmol) and allylmagnesium bromide (8. 
4′-Methoxy-N-(1-isobutyl-3-butenyl)benzylamine, 7f
Following general procedure A, isovaleraldehyde (1.25 mL, 11.6 mmol) was reacted with 4-methoxybenzylamine (1.7 mL, 12.7 mmol) and allylmagnesium bromide (17. 
4′-Methoxy-N-(1-cyclohexyl-3-butenyl)benzylamine, 7g
Following general procedure A, cyclohexanecarboxaldehyde (1.08 mL, 8.87 mmol) was reacted with 4-methoxybenzylamine (1.2 mL, 9.8 mmol) and allylmagnesium bromide (13.3 mL 1.0 M in THF, 13.3 mmol). The crude product was purified by flash column chromatography (0-2.5% diethyl ether in petroleum ether) to yield the desired amine 7g ( 
4′-Methoxy-N-[1-(furan-2″-yl)-3-butenyl]benzylamine, 7h
Following general procedure A, 2-furaldehyde (0.86 mL, 10.4 mmol) was reacted with 4-methoxybenzylamine (1.3 mL, 11.4 mmol) and allylmagnesium bromide (15.6 mL 1.0 M in THF, 15.6 mmol). The crude product was purified by flash column chromatography (0-5% diethyl ether in petroleum ether) to yield the desired amine 7h (2. 
Following general procedure A, 1-(toluene-4′-sulfonyl)-1H-pyrrol-2-carboxaldehyde (1 g, 4.02 mmol) was reacted with 4-methoxybenzylamine (0.53 mL, 4.4 mmol) and allylmagnesium bromide (6.0 mL 1.0 M in THF, 6.0 mmol). The crude product was purified by flash column chromatography (0-10% EtOAc in petroleum ether) to yield the desired amine 7i (1. 
4′-Methoxy-N-[1-( pyridin-2″-yl)-3-butenyl]benzylamine, 7j
Following general procedure A, pyridine-2-carboxaldehyde (0.89 mL, 9.30 mmol) was reacted with 4-methoxybenzylamine (1.2 mL, 10.2 mmol) and allylmagnesium bromide (14.0 mL 1.0 M in THF, 14.0 mmol). The crude product was purified by flash column chromatography (0-25% diethyl ether in petroleum ether) to yield the desired amine 7j ( General procedure B: amide coupling of allylic amine 2-Fluoroacrylic acid (1.5 eq.) and HBTU (1.5 eq.) were dry mixed and then dissolved in CH 2 Cl 2 (20 mL). DIPEA (1.5 eq.) was added followed by the corresponding amine (1 eq.). The resulting solution was stirred and refluxed for 17 h. The reaction was cooled down to room temperature and the solvent was then evaporated under reduced pressure. The crude material was purified by flash column chromatography.
Amine 7a (0.5 g, 1.8 mmol) was coupled with 2-fluoroacrylic acid (0.25 g, 2.8 mmol) using HBTU (1.1 g, 2.8 mmol) following general procedure B. The crude product was purified by flash column chromatography (0-5% diethyl ether in petroleum ether) to yield the desired dialkene 8a (0. 
Amine 7b (0.55 g, 1.8 mmol) was coupled with 2-fluoroacrylic acid (0.25 g, 2.8 mmol) using HBTU (1.1 g, 2.8 mmol) following general procedure B. The crude product was purified by flash column chromatography (0-5% diethyl ether in petroleum ether) to yield the desired dialkene 8b (0. 
Amine 7c (0.64 g, 1.8 mmol) was coupled with 2-fluoroacrylic acid (0.25 g, 2.8 mmol) using HBTU (1.1 g, 2.8 mmol) following general procedure B. The crude product was purified 
2′-Fluoro-N-(4″-methoxybenzyl)-N-[1-(naphthalen-1′′′-yl)-3-butenyl]acrylamide, 8d
Amine 7d (0.5 g, 1.5 mmol) was coupled with 2-fluoroacrylic acid (0.21 g, 2.3 mmol) using HBTU (0.89 g, 2.3 mmol) following general procedure B. The crude product was purified by flash column chromatography (0-5% diethyl ether in petroleum ether) to yield the desired dialkene 8d (0. 
2′-Fluoro-N-(4″-methoxybenzyl)-N-[1-(4′′′-bromophenyl)-3-butenyl]acrylamide, 8e
Amine 7e (0.50 g, 1.4 mmol) was coupled with 2-fluoroacrylic acid (0.19 g, 2.2 mmol) using HBTU (0.82 g, 2.2 mmol) following general procedure B. The crude product was purified by flash column chromatography (0-5% diethyl ether in petroleum ether) to yield the desired dialkene 8e (0.24 g, 0.57 mmol, 41%) as a colourless oil. 
2′-Fluoro-N-(4″-methoxybenzyl)-N-(1-isobutyl-3-butenyl)-acrylamide, 8f
Amine 7f (0.27 g, 1.1 mmol) was coupled with 2-fluoroacrylic acid (0.25 g, 2.8 mmol) using HBTU ( 
2′-Fluoro-N-(4″-methoxybenzyl)-N-(1-cyclohexyl-3-butenyl)-acrylamide, 8g
Amine 7g (0.48 g, 1.8 mmol) was coupled with 2-fluoroacrylic acid (0.24 g, 2.6 mmol) using HBTU (1.0 g, 2.6 mmol) following general procedure B. The crude product was purified by flash column chromatography (0-2.5% diethyl ether in petroleum ether) to yield the desired dialkene 8g (0. 
2′-Fluoro-N-(4″-methoxybenzyl)-N-[1-(furan-2′′′-yl)-3-butenyl]-acrylamide, 8h
Amine 7h (0.5 g, 1.9 mmol) was coupled with 2-fluoroacrylic acid (0.26 g, 2.9 mmol) using HBTU (1.1 g, 2.9 mmol) following general procedure B. The crude product was purified by flash column chromatography (0-10% diethyl ether in petroleum ether) to yield the desired dialkene 8h (0.18 g, 0.54 mmol, 28%) as a yellow oil. 
Amine 7i (0.66 g, 1.6 mmol) was coupled with 2-fluoroacrylic acid (0.22 g, 2.4 mmol) using HBTU (0.92 g, 2.4 mmol) following general procedure B. The crude product was purified by flash column chromatography (0-15% EtOAc in petroleum ether) to yield the desired dialkene 8i (0.39 g, 0.81 mmol, 50%) as a pale yellow oil. 
2′-Fluoro-N-(4″-methoxybenzyl)-N-[1-( pyridin-2′′′-yl)-3-butenyl]-acrylamide, 8j
Amine 7j (0.5 g, 1.86 mmol) was coupled with 2-fluoroacrylic acid (0.25 g, 2.8 mmol) using HBTU (1.1 g, 2.8 mmol) following general procedure B. The crude product was purified by flash column chromatography (0-25% diethyl ether in petroleum ether) to yield the desired dialkene 8j (0. 
General procedure C: ring-closing metathesis of fluorinated dialkene
A solution of the dialkene (1 eq.) in toluene (0.0025 g ml −1 )
was treated with Grubbs 2 nd generation catalyst (2.5 mol%) and the resulting mixture was heated to 100°C until completion as indicated by TLC analysis (1-4 hours). The reaction was cooled down to room temperature, the solvent was removed under reduced pressure and the crude material was purified by flash column chromatography.
Dialkene 8a (0.11 g, 0.32 mmol) was subjected to general procedure C. .
Dialkene 8b (0.22 g, 0.58 mmol) was subjected to general procedure C. The crude product was purified by flash column chromatography (0-10% EtOAc in petroleum ether) to yield the desired α,β-unsaturated lactam 9b (0.19 g, 0.58 mmol, quantitative yield) as a colourless oil. 
Dialkene 8c (0.20 g, 0.49 mmol) was subjected to general procedure C. The crude product was purified by flash column chromatography (0-10% EtOAc in petroleum ether) to yield the desired α,β-unsaturated lactam 9c (0.18 g, 0.49 mmol, quantitative yield) as a colourless oil. 
Dialkene 8d (0.14 g, 0.36 mmol) was subjected to general procedure C. The crude product was purified by flash column chromatography (0-15% EtOAc in petroleum ether) to yield the desired α,β-unsaturated lactam 9d (0.13 g, 0.36 mmol, quantitative yield) as a colourless oil. 1 
Dialkene 8e (0.17 g, 0.41 mmol) was subjected to general procedure C. The crude product was purified by flash column chromatography (0-15% EtOAc in petroleum ether) to yield the desired α,β-unsaturated lactam 9e (0.15 g, 0.39 mmol, 96%) as a colourless oil. 
Dialkene 8f (0.23 g, 0.71 mmol) was subjected to general procedure C. The crude product was purified by flash column chromatography (0-10% EtOAc in petroleum ether) to yield the desired α,β-unsaturated lactam 9f (0.17 g, 0.60 mmol, 85%) as a pale yellow oil. 
Dialkene 8h (0.37 g, 1.1 mmol) was subjected to general procedure C. The crude product was purified by flash column chromatography (0-10% EtOAc in petroleum ether) to yield the desired α,β-unsaturated lactam 9h (0.21 g, 0.69 mmol, 62%) as a colourless oil. 
Dialkene 8i (0.23 g, 0.47 mmol) was subjected to general procedure C. The crude product was purified by flash column chromatography (0-30% EtOAc in petroleum ether) to yield the desired α,β-unsaturated lactam 9i (0.16 g, 0.36 mmol, 77%) as a pale yellow oil. General procedure D: removal of the p-methoxybenzyl protecting group
The cyclic amide (1 eq.) was dissolved in a MeCN-H 2 O (8 : 2, 4 mL) mixture and ceric ammonium nitrate was added portionwise. The resulting solution was stirred at room temperature until completion indicated by TLC analysis (7 h). The reaction was quenched with aq. sat. NaHCO 3 (10 mL) and extracted with diethyl ether (3 × 10 mL). The organics were combined, dried (Na 2 SO 4 ) and evaporated in vacuo. The crude material was purified by flash column chromatography.
3-Fluoro-6-phenyl-5,6-dihydro-1H-pyridin-2-one, 10a
α,β-Unsaturated lactam 9a (96 mg, 0.31 mmol) was subjected to general procedure D using 0. 3-Fluoro-6-(naphthalen-1′-yl)-5,6-dihydro-1H-pyridin-2-one, 10d
α,β-Unsaturated lactam 9d (0.11 g, 0.30 mmol) was subjected to general procedure D using 0.97 g of ceric ammonium nitrate (5.9 eq., 1.8 mmol 3-Fluoro-6-cyclohexane-5,6-dihydro-1H-pyridin-2-one, 10g
α,β-Unsaturated lactam 9g (0.22 g, 0.70 mmol) was subjected to general procedure D using 1. .
General procedure E: hydrogenation of α,β-unsaturated lactams A solution of dihydropyridone (1 eq.) in MeOH (2 mL) was treated with palladium activated charcoal (10% by weight) and the suspension was stirred under a H 2 atmosphere until completion indicated by TLC analysis (1-4 hours). The resulting mixture was filtered through celite, dried (Na 2 SO 4 ) and the solvent was removed under reduced pressure. The crude product was purified by flash column chromatography.
3-Fluoro-6-phenyl-piperidin-2-one, 11a
Dihydropyridone 10a (43 mg, 0.22 mmol) was subjected to general procedure E. The crude product was purified by flash column chromatography (0-30% EtOAc in petroleum ether) to yield the desired δ-lactam 11a (32 mg, 0.17 mmol, 75%) as a white solid. .
3-Fluoro-6-(4′-methoxyphenyl)-piperidin-2-one, 11b
Dihydropyridone 10b (24 mg, 0.11 mmol) was subjected to general procedure E. The crude product was purified by flash column chromatography (0-50% EtOAc in petroleum ether) to yield the desired δ-lactam 11b (14 mg, 0.06 mmol, 58%) as a white solid. 
3-Fluoro-6-(4′-trifluoromethanephenyl)-piperidin-2-one, 11c
Dihydropyridone 10c (29 mg, 0. 3-Fluoro-6-(naphthalen-1′-yl)-piperidin-2-one, 11d
Dihydropyridone 10d (38 mg, 0.15 mmol) was subjected to general procedure E. The crude product was purified by flash column chromatography (0-40% EtOAc in petroleum ether) to yield the desired δ-lactam 11d (29 mg, 0.12 mmol, 81%) as a white solid. 
